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widely used to separate CO2 in gas processing is absorption using an aqueous alkanolamine based on  
reversible chemical absorption of CO2 via an acid-base reaction. However, it causes some serious 
problems such as oxidative degradation of the alkanolamine solution, it also causes corrosionand foaming 
in the gas-liquid interface, and there is a large energy requirement for regeneration [5, 8-10]. Adsorption 
is one technique that is widely used to as an alternative. There are various kinds of adsorbents used in this 
technique, for example, activated carbon, zeolite, SBA-15 mesoporous silica, carbon nanotubes, and 
mesoporous molecular sieve MCM-41[11-14]. In addition, the capability of these adsorbents can be 
improved by introducing amine functional groups into the adsorbents via grafting or impregating with 
diverse amine species. Amine groups are dispersed inside the pore of the adsorbent and enhance CO2 
capture performance.There are various amine types have been used to modify adsorbents such as 3-
aminopropyltriethoxysilane, N-(2-aminoethyl)-(3-aminopropyl)triethoxysilane, 3-aminopropyl-
trimethoxysilane, diethylenetriamine, tetraethylenepentamine, pentaethylenehexamine, and 
polyethyleneimine [11, 15-18].  
In this work, we were interested in materials that were prepared by the high internal phase emulsion 
(HIPE) technique, called polyHIPEs. This material was modified with amines and used as an adsorbent 
for this study. 
Nomenclature 
 
Cin Concentration of CO2 entering the reactor, vol% 
Cout Concentration of CO2 downstream the reactor, vol% 
F Total flow rate, mol/min 
M weight of adsorbent, g 
Qads Dynamic adsorption capacity, molCO2/mol amine 
tst Stoichiometric time corresponding to CO2 stoichiometric adsorption capacity, min 
t Time at which the Cout reaches its maximum permissible level, min. 
 
2. Experiment 
2.1 Poly (VBC-co-DVB) preparation 
Porous adsorbents were prepared as emulsions. These emulsions were prepared by slowly adding an 
aqueous phase containing water, initiator, and stabilizer into an oil phase containing a vinylbenzylchloride 
(VBC) mononer and a divinylbenzene (DVB) co-monomer, poragen, and a surfactant under constant 
agitation for 1h to produce a water-in-oil emulsion.Then it was poured into a cylindrical mold and further 
polymerized at 70 C for 24 h. The adsorbents were removed from the mold and extracted with hot 
ethanol in a soxhlet extractor for 6 h and dried to a constant weight in a vacuum oven at 60 C for 48 h. 
 Pailin Muchan et al. /  Energy Procedia  37 ( 2013 )  151 – 158 153
2.2 Amine functionalization of poly (VBC-co-DVB) 
 
The procedure for amine functionalization was adopted from the Stefance and Krajnc method [23]. 
Two alkanolamines, (ethylenediamine and triethylenetetramine) were used. Poly(VBC-co-DVB) was cut 
into 2 cm (length) × 2 cm (diameter) pieces and immersed in the amine solution which was prepared by 
mixing amine (2.629 mmol) in 10 mL of N, N-dimethylformamide (DMF). The resulting mixture was left 
at room temperature for 1 h and then put into a water bath (80 C) for 24 h. After the reaction completed, 
the sample was filtered and washed with DMF, EtOH, EtOH/ H2O (1:1 v/v), EtOH/ THF (1:1 v/v), and 
THF, respectively, left at room temperature for 30 min and dried in a vacuum oven at 60 C for 24 h.  
  
2.3 Characterization 
  
All adsorbents were characterized, to observe the surface morphology, using a scanning electron 
microscope (SEM). Prior to analysis, samples were dried in the oven at 80 C overnight, and then cut 
cross-sectionally. Samples were put on an aluminium stub with conductive carbon tape and coated with 
platinum. Specific surface area was investigated by a N2 adsorption measurement using a surface area 
analyzer. The sample was dried at 100 C in the vacuum oven before analysis. The IR spectra of all 
adsorbents were recorded using a Fourier transform infrared (FTIR) spectrometer, while using the KBr 
pellet technique to determine amine functionalization. Additionally, the conversion rate of amine 
functionalization was determined by the nitrogen content loaded in the adsorbents using an elemental 
analyzer and chloride titration method. 
 
2.4 CO2 adsorption study 
  
The capability of the adsorbents was expressed in terms of dynamic adsorption capacity (Qads) which 
can be calculated by eq. 1 and eq. 2 [20], 
 
FC t
= inQ stad
            
                                                                                                 (1) 
0
Ct outt = (1- )dst Cin
s M               
      (2) t
 
The experimental setup for CO2 adsorption is shown in Fig. 1. A piece of solid amine-based adsorbent 
was loaded into the reactor and pretreated in N2 gas flow (20 mL/min) at 60 C for 1 h before allowing 
CO2 to enter the reactor. At room temperature, the N2 flow was then switched to 4 vol% of CO2 in N2 
balance at a total flow rate of 5 mL/min. The concentration of CO2 was measured by gas chromatography 
(GC) and the adsorption breakthrough points were determined after the adsorption process reached 
equilibrium. 
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Fig.. 1. Experimental setup for CO2 adsorption study 
 
3. Results and Discussion 
3.1 Preparation of alkylamine-based adsorbents 
Adsorbent templates are polymer materials prepared by the high internal phase emulsion technique, 
called polyHIPE. In this work polyHIPE was synthesized using VBC and DVB as monomers. The 
poly(VBC-co-DVB)HIPEs were modified with the alkanolamines ethylenediamine and 
triethylenetetramine. Amine functionalization in poly(VBC-co-DVB) occurred via nucleophilic 
substitution reaction at the methylene chloride group (-CH2-Cl). This reaction was determined using FTIR 
where the disappearance of C-Cl wagging and stretching vibrations at 1265 cm-1 and 710 cm-1 and the 
presence of N-H stretching and bending vibrations at 3400 cm-1 and 1670 cm-1 were observed as shown in 
Fig. 2. The conversion rate of amine functionalization of all adsorbents is shown in Table 1 which was 
calculated by using the elemental analysis data of nitrogen content and chloride content as shown in Eq. 3 
and Eq. 4. 
 
 
(Chloride - Chloride )origin remainingConversionA(%) = ×100
Chlorideorigin
  (3) 
 
 
 NitrogenfoundConversionB(%) = ×100
Nitrogencalculated
 (4) 
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Poly(VBC-co-DVB) 
Ethylenediamine adsorbent 
Triethylenetetramine adsorbent 
3400           3270                                                          1670            1265                    710 
 
 
 
Fig.. 2. FTIR spectra of amine functionalized poly(VBC-co-DVB) adsorbents 
 
 
 
Table 1 Elemental Analysis data and conversion of amine functionalization  
 
Adsorbent 
Chloridea (A) Nitrogenb (B) Conversion(%) 
A             B %                       mmol/g %                  mmol/g 
65 %DVB polyHIPE 
Ethylenediamine 
Triethylenetetramine 
7.99                         2.250 
0.30                         0.084 
1.30                         0.365 
 
6.43                  4.59 
9.69                  6.92 
 
96.25     95.97 
83.78     87.22 
a   by Cl titration 
b   by CHN elemental analyzer  
A based on the remaining chloride 
B calculated from the percentage of Nitrogen in the product  
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The adsorption capacities of the ethylenediamine- and triethylenetetramine-based adsorbents were 
0.3171 mmolCO2/g and 0.3283 mmolCO2/g, respectively, which were higher than that of the unmodified 
adsorbent (0.1063 mmolCO2/g) due to the enhancement of the interaction of CO2 with amine on the 
surface of the adsorbent [12]. The adsorption capacity of triethylenetetramine based adsorbent was higher 
than that of the ethylenediamine based adsorbent. The nitrogen content in the triethylenetetramine-based 
adsorbent was higher than that of the ethylenediamine-based adsorbent, which led to a higher adsorption 
capacity. 
 
4. Conclusion 
Poly(VBC-co-DVB) was modified with ethylenediamine and triethylenetetramine by post-
functionalization to enhance CO2 adsorption capacity. The surface properties and adsorption capacity 
indicate that the fundamental pore structure of the adsorbents decrease after modification. The 
triethylenetetramine-based adsorbent showed the highest dynamic adsorption capacity. For further work, 
amine compounds which have higher amount of nitrogen should be used to improve the adsorption 
capacity of adsorbent.  
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